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Summary Nutrient fluxes in rainfall and throughfall were measured weekly in a mature
subtropical wet forest in NE Puerto Rico over a 15-year period that included the effects
of 10 named tropical storms, several prolonged dry periods, and volcanic activity in the
region. Mean annual rainfall and throughfall were 3482 and 2131 mm yr�1, respectively.
Average annual rainfall and throughfall fluxes of K, Ca, Mg, Cl, Na, and SO4–S were similar
but somewhat larger than those reported for most tropical forests. Rainfall inputs of nitro-
gen were comparatively low and reflect the relative isolation of the airshed. More constit-
uents had seasonal differences in rainfall fluxes (6 out of 12) than throughfall fluxes (4 out
of 12) and all volume weighted throughfall enrichment ratios calculated for the 15-year
period were greater than one. However, median weekly enrichment ratios were less than
1 for sea salts and dissolved organic carbon, between 1 and 2 for Mg, Ca, SiO2 and SO4–S,
and greater than 10 for NH4–N, PO4–P, and K. Droughts tended to reduce enrichment
ratios of cations and sea-salts, but increased enrichment ratios of NH4–N, PO4–P, and
K. In the weeks following hurricanes and tropical storms, relative throughfall tended to
be higher and enrichment ratios tended to be lower. Saharan dust and the activity of
Caribbean volcanoes can also be detected in the time series. Nevertheless, the impacts
of particular events are variable and modified by the magnitude of the event, the pre-
and post-event rainfall, and the time since the previous event. Rainfall, throughfall, rain-
fall pH, and rainfall fluxes of seven constituents had decreasing trends over the 15-year
period. However, these decreases were small, less than inter-annual and annual varia-
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Figure 1 View of the Caribbean w
Puerto Rico.
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tions, and not considered to be ecologically significant. These long-term observations indi-
cate that physical and biological processes associated with water passing through the can-
opy act to buffer internal nutrient cycles from inter-annual and seasonal variations in
rainfall inputs.
ª 2006 Elsevier B.V. All rights reserved.
Introduction

Rainfall and throughfall are major sources of nutrients in
tropical forests (Proctor, 2005). Although throughfall is
notorious for being spatially and temporally variable (Hol-
werda et al., 2006), throughfall studies that have more
than 10 years of record and records that include multiple
disturbances are lacking in the tropics and elsewhere.
Tropically based studies have demonstrated the short-term
impacts of reduced throughfall (Nepstad et al., 2002) and
quantified annual nutrient fluxes associated with rainfall
and throughfall (McDowell et al., 1990; Bruijnzeel, 1989;
Veneklaas, 1990; Burghouts et al., 1998; Brouwer, 1996;
Cavelier et al., 1997; Eklund et al., 1997; McDowell,
1998; Waterloo et al., 1999; McDonald and Healey, 2000;
Loescher et al., 2002; Hölscher et al., 2003; Liu et al.,
2003). Nevertheless, inter-annual variations in climate
and the impacts of specific tropical storms and droughts
can affect nutrient fluxes and ecological processes in dif-
ferent ways (Beard et al., 2005). This paper analyzes a
15-year time series of rainfall and throughfall constituent
fluxes in a mature subtropical wet forest in Northeastern
Puerto Rico. Two general questions are addressed: (1) what
are the seasonal and inter-annual variations in rainfall and
throughfall constituent fluxes in this forest; and (2) how do
rainfall and throughfall constituent fluxes respond to
named tropical storms, droughts, Saharan dust, and regio-
nal volcanic activity.
ith the location of the Bisley w
Methods

Site description

This study was conducted in the Bisley watersheds of the
Luquillo Experimental Forest in Northwest Puerto Rico
(18�20 0N, 65�50 0W). The site is located in the subtropical
wet forest life zone and has been described in detail else-
where (Scatena, 1989). The watersheds range in elevation
from 265 to 456 m above sea level and are covered by ma-
ture secondary tabonuco (Dacryodes excelsa) type forests.
The site is located 12 km to the east of the extensively stud-
ied El Verde Field Station (Fig. 1; Odum and Pigeon, 1970;
McDowell et al., 1990). Both sites are on the windward side
of the island, are at similar elevations, and are covered with
similar mature secondary tabonuco type forests.

The Bisley study area is directly exposed to the north-
easterly trade winds and has a maritime Köppen A2m type
tropical climate (Schellekens et al., 1999). Rainfall and run-
off occur in every month of the year in this relatively asea-
sonal environment. Convective storms, northeasterly trade
winds, Saharan dust, winter cold fronts, tropical storms,
depressions, and hurricanes all influence the site (Odum
and Pigeon, 1970; Prospero and Nees, 1986; Scatena,
1989; McDowell et al., 1990; Larsen, 2000). Measured and
simulated annual evapotranspiration of the Bisley water-
sheds and the surrounding tabonuco forest range from 2.0
to 3.0 mm day�1 (Wu et al., 2006). Rainfall events are gen-
atersheds, within the Luquillo Experimental Forest in northeast
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erally small (median daily rainfall of 3 mm) but numerous
(267 rain days per year) (Schellekens et al., 1999).

Although a decade-long time series of throughfall has
never been presented for this or any other tropical forest,
throughfall has been extensively studied in this forest
(Odum and Pigeon, 1970; Clements and Colon, 1975; Scat-
ena, 1990; Schellekens et al., 1999; Schellekens et al.,
2000; Holwerda et al., 2006). Canopy interception of rain-
fall at Bisley is relatively high (�40%) and relative through-
fall ranks among the lowest recorded for tropical lowland
forests (Bruijnzeel, 1989). Nevertheless, the interception
values at Bisley are similar to those measured in other mar-
itime tropical forests and confirm the notion that rainfall
interception is relatively high in tropical forests that receive
more than 3000 mm yr�1 of rainfall and are located on is-
lands or continental edges (Schellekens et al., 1999). The
site’s relative high annual interception and evaporation
are attributed to the high frequency of low intensity
short-duration rainfalls, net upward transport of evaporated
moisture associated with the heat from condensation, ad-
vected energy, and a relatively low aerodynamic resistance
of the canopy (Scatena, 1990; Schellekens et al., 2000).

During the study period, the forest was influenced by a
series of tropical storms, hurricanes, and droughts of rang-
ing magnitudes (Fig. 2). Hurricane Hugo, September 18,
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Figure 2 Meteorological events, volcanic activity and weekly thro
Black line represents running average. Bar colors represent Janua
orange, May in red, June in dark grey, July in light green, August
November in cyan and December in olive.
1989, was the largest hurricane of the sequence reported
here and is the largest storm to impact the area in the past
70 years (Scatena and Larsen, 1991). The hurricane defoli-
ated the entire area, reduced the aboveground biomass by
50%, and toppled the above-canopy walk-up tower used
for meteorological measurements. Nevertheless, weekly
throughfall measurements were not interrupted and the
meteorological tower was re-established after seven
months. Within one year, both hydrologic cycles and nutri-
ent exports in stream flow approached pre-hurricane levels
(Scatena et al., 1996; Schaefer et al., 2000). Within five
years, aboveground biomass was 86% of the pre-hurricane
levels and leaf area and litter fall had returned to pre-hur-
ricane levels (Scatena et al., 1996).

During the study period the site was also impacted by
hurricanes Bertha (July 6, 1996), Hortense (September 10,
1996), Marilyn (September 15, 1996), and Georges (Septem-
ber 22, 1998). Of these hurricanes, Georges was the largest
and resulted in localized defoliation and uprooting (Oster-
tag et al., 2003). Although Bertha, Hortense, and Marilyn
occurred during the same year and brought heavy rainfall,
they passed far enough away to only cause minor crown
damage and relatively small increases in litter fall. Both
rainfall and throughfall were measured for all of these
storms.
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Several meteorological droughts also occurred during the
study period. Like other Puerto Rican droughts (Larsen,
2000; Covich et al., 2003), the intensity and effects of these
drought periods was spatially and temporally variable. Pro-
nounced droughts were observed in both the region and
study area following Hurricane Hugo and in 1991, 1994,
and 1996. Localized drought conditions were also observed
in the study area in 2000 and 2002 (see methods and results
for detailed descriptions).

In July 18, 1995, Soufrière Hills volcano on the island of
Montserrat (16�45 0N, 62�12 0W) had its first complete erup-
tion in over 100 years (www.mvo.ms). This andesitic strato-
volcano is located 500 km to the south of the Bisley study
area and has had over five distinct eruptive phases and over
25 eruptive stages since 1995. Phase 1 occurred between
July 1995 and early 1998 when the dome grew and collapsed
several times. Phase 2 occurred between early 1998 and
late 1999. There were no lava extrusions but several dome
collapses and small to moderate explosions during this per-
iod. The third phase was defined by the dome building and
collapses that occurred between November 1999 and July
2003. During this phase, Puerto Rico experienced several
noticeable volcanic ash falls in late July and early August
2001. The fifth and current phase began in August 2005 with
dome growth and extrusive activity.
Methods

Rainfall and throughfall collection

The rainfall and throughfall measured in this study were col-
lected and measured in the same manner for the duration of
the study, and in accordance with our previous publications
(Scatena, 1990; Schellekens et al., 1999; Holwerda et al.,
2006). Bulk rainfall and throughfall were collected weekly
(i.e. every Tuesday morning) and occasionally before and
after major storms. Total rainfall was collected in a 25 m
above canopy walk-up tower that is located on the divide
between the two catchments and at an elevation of 361 m
above sea level. Throughfall was measured in the 3 ha area
that surrounds the walk-up tower using randomly placed but
fixed gauges that were located on ridges, hill-slopes, gaps,
and stream channels (Scatena, 1990). The rainfall collector
and each throughfall collector had identical 143 cm2 funnel
collectors. Throughfall collectors were 30 cm above ground
level surface. As many as 35 collectors were operated at any
given time for the time series presented here. However,
during one study on the influence of the spatial arrangement
of collectors, 90 collectors were operating (Holwerda et al.,
2006).

During the course of this long-term data collection, sev-
eral companion studies were conducted to compare the per-
formance of different arrangements of throughfall
collectors. These arrangements include steel gutters fitted
with tipping buckets, and networks of fixed and roving
gauges (Schellekens et al., 1999; Holwerda et al., 2006).
While the roving gauges had the smallest standard error of
all the configurations, there was no statistical difference
in the mean collection volumes of the roving and fixed col-
lectors (Holwerda et al., 2006). Moreover, an analysis of
variance (ANOVA) comparison of 60 fixed gauges, 30 roving
gauges, and the 30 fixed gauges used in this study indicated
that the relative throughfall measured by the different
arrangements were not significantly different at the 0.05
significance level (Holwerda et al., 2006). Therefore, only
the results from the weekly time series of fixed collectors
are presented here.

During Hurricane Hugo in 1989, the canopy tower that
held the climate station and rainfall collector was toppled.
Although the forest’s canopy was completely defoliated,
most of the throughfall collectors remained intact. Those
eight collectors that were destroyed were randomly re-lo-
cated within 10 m of their original location and throughfall
was collected without interruptions. The meteorological
tower was also replaced seven months after the event. In
the meantime we collected rainfall in a clearing adjacent
to the tower that was created by the Hurricane. During this
period, the canopy remained defoliated and rainfall and
throughfall volumes were essentially identical.
Chemistry

During every collection, bulk rainfall and throughfall were
collected for chemical analysis. Water for the rainfall anal-
ysis was collected from the above-canopy rainfall collector.
The throughfall sample was a composite of water collected
in six collectors. These six throughfall collectors were se-
lected at the beginning of the study because their mean
and median throughfall volumes and conductivities were
similar to the mean and medians of all the 31 collection bot-
tles and therefore they are considered representative of the
site. These collection bottles were cleaned or replaced on a
weekly basis and contained filters to prevent frogs and litter
from entering the bottles.

Water samples were delivered to the laboratory on the
same day they were collected. Chemical analysis was con-
ducted in the same manner as previous studies of the LEF
(McDowell et al., 1990; McDowell and Asbury, 1994; McDo-
well, 1998). Protocols and the original data are available
on the Luquillo LTER web-page (http://luq.lternet.edu/
data/lterdb20/metadata/lterdb20.htm). In the laboratory,
pH and conductivity were measured following the proce-
dures specified by NADP (1984) and McDowell et al.,
1990). Samples were filtered using pre-combusted glass fi-
ber filters (Whatman GF/F). Until 1997, samples were held
refrigerated for analysis, with a sub-sample for ammonium
analysis preserved by acidification with sulfuric acid (McDo-
well et al., 1990). After 1997, samples were stored frozen
until analysis for all constituents except silica, which was
analyzed on a refrigerated subsample. During the first nine
years of the study, most samples were analyzed at the Uni-
versity of Puerto Rico. After 1997, all samples were ana-
lyzed at the University of New Hampshire. Silica (phospho-
molybdate), phosphorus (ammonium molybdate), and
ammonium (phenol-hypochlorite) were analyzed throughout
the study period using spectrophotometric methods using a
Technicon AA II or Lachat Quickchem. Cations were ana-
lyzed with atomic absorption spectrophotometry from
1988–1994, and with ion chromatography from 1994 on. An-
ions were measured with ion chromatography. Dissolved or-
ganic carbon and nitrogen were measured using persulfate
digestion (McDowell et al., 1987; Solorzano and Sharp,

http://www.mvo.ms
http://luq.lternet.edu/data/lterdb20/metadata/lterdb20.htm
http://luq.lternet.edu/data/lterdb20/metadata/lterdb20.htm
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1980) prior to 1997, and with high temperature Pt-catalyzed
combustion after 1997 (Merriam et al., 1996). Cross lab
comparisons and analysis of samples using the different
techniques indicated that comparable results were obtained
with different laboratories and methods (e.g. McDowell
et al., 1990; Merriam et al., 1996).

Data manipulation and statistical analysis

Rainfall and throughfall fluxes (kg ha�1 day�1) were calcu-
lated from weekly concentration values multiplied by the
corresponding amount of weekly rainfall or throughfall.
Enrichment ratios were defined as the ratio of throughfall
constituent flux over the corresponding rainfall constituent
flux. Local meteorological drought conditions were defined
as those weeks when throughfall volumes were within the
lowest 5% of those observed during the 15-year study
period.

All statistics were considered significant with an alpha of
0.05 and computed using SAS software (Version 9, SAS Insti-
tute 2003). Flux data for rainfall and throughfall constitu-
ents were transformed with a natural logarithm when
appropriate to meet the assumptions of parametric statisti-
cal analysis. Correlations and regressions were used to de-
scribe general trends and relationships. General linear
model (GLM) and repeated measures analysis of variance
(ANOVA) were used to compare the amount of rainfall and
throughfall among the 15 years of the study period. Post-
hoc univariate tests of mean differences within the GLM AN-
OVA models were used to assess differences among study
years. General linear model (GLM), repeated measures anal-
ysis of variance (ANOVA), and post hoc univariate tests of
mean differences were used to compare the concentrations
and fluxes between years and months for all the constitu-
ents (NH4–N, NO3–N, TDN, PO4–P, K, Ca, Mg, DOC, Cl,
Na, SO4–S, SiO2, and pH). The influence of named storms,
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droughts, Saharan dust, and the Montserrat volcano on con-
stituent fluxes and enrichment ratios were compared using
descriptive statistics, repeated measures analysis of vari-
ance by event, and Wilcoxon’s sign rank tests.

The duration of continuous sampling needed to obtain
reliable estimates of constituent fluxes will vary with the
type and density of collectors, the frequency of collection,
and the actual rainfall sequence being analyzed. To esti-
mate the time series length needed to obtain stable daily
mean flux values with this time series, the coefficient of
variation (CV) and standard deviation (SD) of the means of
successive sampling periods of different lengths were com-
pared. This was done using the averages, SD and CV of the
estimated daily means calculated using the series of contin-
uous and successive sampling intervals that ranged from 10
to 500 weeks.

Results

General patterns of rainfall and throughfall

Over the 15-year study period, mean annual rainfall and
throughfall were 3482 and 2131 mm yr�1, respectively. Dur-
ing the study period there was only one week where there
was no measurable rainfall or throughfall (May 23, 1989).
Mean daily rainfall was 9.54 mm day�1 and mean daily
throughfall was 5.84 mm day�1. The lowest mean daily
throughfall values (4.34 ± 0.48 and 3.84 ± 0.37 mm day�1)
were observed in 2000 and 2002. The highest mean daily
throughfall (8.79 ± 0.98 and 8.50 ± 0.87 mm day�1) occurred
in 1988 and 1990 (Fig. 2, post hoc analysis of means,
F14,758 = 4.14, p < 0.0001).

March had the lowest average monthly rainfall and
throughfall (Fig. 3). The months of January through April
had lower monthly rainfall (post hoc analysis F11,761 = 3.35,
p = 0.0002) and throughfall (post hoc analysis
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F11,761 = 3.90, p < 0.0001) than the rest of the year. Rainfall
at the nearby El Verde field station during the same period
had similar monthly trends and statistically similar average
annual value; 9.18 ± 15.77 mm day�1 for El Verde compared
to 9.54 ± 8.45 mm yr�1 for Bisley. However, over the 15-
year period average rainfall in the months of May, June,
and October were significantly lower at El Verde (Fig. 3).
These seasonal differences are apparently related to the
greater exposure of Bisley to the northeast trade winds
and the presence of the afternoon adiabatic winds that
are more pronounced at El Verde than Bisley (see Odum
and Pigeon, 1970).
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In spite of the occurrence of two above average wet
years towards the end of the study period (1998 and
1999), both annual mean weekly rainfall (Pearson Correla-
tion r = �0.096, p = 0.007, n = 775) and throughfall (Pearson
Correlation r = �0.199, p < 0.0001, n = 775) had weak but
significant decreases over the entire study period. More-
over, regression slopes of the entire weekly time series indi-
cate that rainfall and throughfall decreased at an average
rate of 0.20 and 0.23 mm yr�1, respectively. These average
decreases are much less than the variation between years
(Fig. 4) and are less than average daily rainfall and
throughfall.
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Comparison of the averages, CV and STD of continuous
sampling intervals of varying length indicates that the CV
of daily rainfall and daily throughfall stabilizes at 15–20%
after 2 years of sampling (Fig. 5). Daily rainfall constituent
fluxes stabilized after 2–3 years while most throughfall
constituent fluxes need 4–6 years of continuous sampling
before their CV and STD stabilized. More than 8 years of
continuous weekly throughfall sampling are needed for
the CV and STD of PO4–P and NH4–N to stabilize. When
they do stabilize they can still have CV of 40% (Fig. 5).
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Rainfall concentrations through time

Rainfall concentrations were different among years for 11
of the 13 constituents: NH4–N (F12,346 = 11.67, p < 0.0001),
NO3–N (F13,486 = 7.24, p < 0.0001), TDN (F10,256 = 6.61,
p < 0.0001), PO4–P (F13,421 = 4.10, p < 0.0001), K
(F14,554 = 1.74, p = 0.0451), Ca (F14,553 = 2.64, p = 0.001),
DOC (F7,198 = 5.86, p < 0.0001), Cl (F13,521 = 2.48,
p = 0.0028), Na (F14,553 = 2.16, p = 0.0004), SO4–S
(F14,538 = 10.75, p < 0.0001), and pH (F13,551 = 11.79,
p = 0.0001). Only Mg (F14,554 = 1.29, p = 0.2080) and SiO2

(F12,462 = 1.32, p = 0.2048) did not have differences in their
rainfall concentrations among years (Table 1).

Mean rainfall concentrations were different among
months for 7 of the 13 constituents: Ca (F11,556 = 3.13,
p = 0.0004), Mg (F11,557 = 7.22, p < 0.0001), DOC
(F7,198 = 9.54, p = 0.0033), K (F11,557 = 2.31, p = 0.0088), Cl
(F11,523 = 11.10, p < 0.0001), Na (F11,556 = 14.79,
p < 0.0001), and SO4–S (F11,541 = 1.79, p = 0.0525). There
were no differences in concentration among months for
NH4–N, NO3–N, TDN, PO4–P, SiO2, and pH (Table 1).

Rainfall flux through time

There were differences in rainfall flux values among years
for 8 of the 12 nutrients: NH4–N (F12,325 = 6.00,
p < 0.0001), NO3–N(F13,392 = 3.06, p = 0.0003), TDN
(F10,251 = 98.20, p < 0.0001), PO4–P (F12,398 = 1.93,
p < 0.0291), DOC (F7,198 = 9.54, p < 0.0001), Cl (F13,518 =
2.58, p = 0.0018), SiO2 (F12,244 = 4.27, p < 0.0001), and
SO4–S (F14,536 = 589, p < 0.0001). There were no differ-
ences among years for rainfall fluxes of K, Ca, Mg, and
Na (Fig. 7). Over the 15-year study period, trends in weekly
rainfall fluxes were apparent for 7 of the 12 nutrients; NH4

(Pearson Corr r = �0.350, p < 0.000, n = 338), NO3–N
(Pearson Corr r = �0.265, p < 0.000, n = 406), TDN (Pearson
Corr r = �0.174, p = 0.004, n = 261), PO4–P (Pearson Corr
r = �0.159, p = 0.001, n = 413), DOC (Pearson Corr
r = �0.370, p < 0.0001, n = 206), SO4–S (Pearson Corr
r = �0.209, p < 0.0001, n = 550) and SiO2 (Pearson Corr
r = �0.132, p < 0.0343, n = 257). These constituents had a
tendency to decrease throughout the study period. Rainfall
pH also tended to decrease throughout the study period
(Pearson Corr r = �0.243, p < 0.000, n = 565). All rainfall
nutrient fluxes were positively correlated with the amount
of rainfall. However, rainfall volume only explained be-
tween 3% (PO4–P) and 40% (Cl) of the variance in weekly
nutrient fluxes.

Within years, there were differences among months in
the mean rainfall flux of 6 of the 12 nutrients: NH4–N
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(F11,326 = 2.07, p = 0.0218), NO3–N (F11,394 = 1.82, p =
0.0485), Ca (F11,548 = 2.30, p = 0.0092), DOC (F11,194 = 2.37,
p = 0.0091), Cl (F11,250 = 2.71, p = 0.002), and Na
(F11,556 = 2.70, p = 0.0022). There were no differences
among months in the rainfall fluxes of TDN, PO4–P, K, Mg,
SO4–S, and SiO2 (Table 1). There was a positive correlation
between the rainfall fluxes of NO3–N and SO4–S (Pearson
Corr r = 0.448, p < 0.0001, n = 343).

Throughfall concentrations through time

There were differences among years for all throughfall
nutrients concentrations (F > 2.87, p < 0.0042) and pH
(F13,615 = 15.18, p < 0.0001). Among months there were dif-
ferences in the mean throughfall concentrations of 9 of 13
constituents: PO4–P (F11,416 = 1.88, p = 0.0401), K
(F11,5655 = 2.69, p = 0.0021), Ca (F11,656 = 2.38, p = 0.0069),
Mg (F11,656 = 4.82, p < 0.0001), Cl (F11,568 = 8.86,
p < 0.0001), DOC (F11,220 = 2.90, p = 0.0014), Na (F11,655 =
14.47, p < 0.0001), SO4–S (F11,604 = 2.44, p = 0.0055), and
SiO2 (F11,258 = 2.39, p = 0.0067). There were no differences
in throughfall concentrations among months for NH4–N,
NO3–N, TDN and pH.

Throughfall flux through time

There were differences in all throughfall nutrient fluxes
among years (F > 2.41, p < 0.0051, Table 1). Among months
there were differences in throughfall fluxes for 4 of 12 nutri-
ents: TDN (F11,264 = 2.23, p = 0.0135), PO4–P (F11,406 = 2.10,
p = 0.0193), K (F11,655 = 3.94, p < 0.0001), and Na
(F11,655 = 1.98, p = 0.0281). Throughfall nutrient fluxes were
also correlated to the amount of throughfall, which ex-
plained from 3% (PO4–P) to 32% (Cl) of the variance of
weekly values. The only exception was the throughfall flux
of NH4–N which was not related to the amount of through-
fall (r = 0.066, p = 0.173, n = 422). There were no differ-
ences in fluxes among months for NH4–N, NO3–N, Ca, Mg,
DOC, Cl, SO4–S, and SiO2 (F < 1.70, p > 0.0698). Over the
15-year study period, trends in weekly throughfall fluxes
were only apparent for 2 of the 12 flux nutrients; PO4–P
tended to increase (Pearson Corr r = 0.231, p < 0.000,
n = 418) while SiO2 (Pearson Corr r = �0.160, p = 0.001,
n = 436) had weak tendencies to decrease throughout the
study period. There was also a weak positive correlation
for throughfall fluxes of NO3–N and SO4–S (Pearson Corr
r = 0.290, p < 0.0001, n = 475).
Enrichment ratios and correlations among nutrients

All constituents had positive correlations between their
weekly rainfall and throughfall fluxes. In particular, there
were strong positive correlations among rainfall and
throughfall fluxes of Ca, Mg, K, and Na (r > 0.59,
p < 0.001). Enrichment ratios calculated for the entire 15-
year period were all greater than one. However, median
weekly enrichment ratios were less than one for sea salts
and dissolved organic carbon and between 1 and 2 for Mg,
Ca, SiO2 and SO4–S (Table 1). In contrast, median weekly
enrichment ratios for NH4–N, PO4–P, and K were greater
than 10. Only K had significant differences in monthly
enrichment ratios (F11,528 = 2.97, p < 0.0001). Post hoc anal-
yses indicated that monthly differences in K enrichment ra-
tios coincided with the month with the highest (October)
and the lowest (January) fluxes. While there were no
detectable seasonal differences in the enrichment ratios
of other nutrients, the enrichment ratios of cations (Ca,
Mg, K, Na) tended to be highest from September through
November (Fig. 6).
Changes in response to specific atmospheric
events

Tropical storms and hurricanes

Over the course of the 15-year study, 10 named tropical
storms passed close enough to the site to cause noticeable
increases in rainfall and throughfall. The individual events
varied in intensity of wind and rain, crown damage and lit-
terfall, pre- and post-event rainfall, and in the length of
time since the previous event. When the seven weeks before
the event were compared to the seven weeks after the
event for all named storms combined, there was a tendency
for increased throughfall and increased throughfall fluxes
for all constituents. In general, events that had maximum
daily gusts less than 15 m�1 s�1, average daily wind speeds
less than 12 m�1 s�1, and litter inputs less than 15 g m2

day�1 did not have any clear or prolonged post-event
changes in throughfall chemistry quality or quantity. Larger
events (e.g. Hugo, Luis, Bertha, and Georges) that had max-
imum daily gusts greater than 25 m�1 s�1, average daily
winds greater than 15 m�1 s�1, and litter fall inputs greater
than 20 g m2 day�1, did have changes in the quality and
quantity of throughfall.

Hurricane Hugo passed directly over the study area on
September 18, 1989 and was the largest natural disturbance
in the 15-year study period and the largest hurricane to im-
pact the area in over 70 years (Scatena and Larsen, 1991;
Scatena et al., 1996). Because the forest’s canopy was al-
most completely defoliated by the storm, many of the
throughfall sampling bottles had no canopy overhead and
were effectively collecting rainfall for several months until
an understory and overstory canopy developed. Mean
weekly throughfall constituent fluxes during the seven
weeks after Hugo were lower than the 7 weeks before the
storm for K (F1,10 = 34.92, p < 0.0001), Ca (F1,10 = 40.84,
p < 0.0001), Mg (F1,10 = 12.27, p = 0.0057), and Na
(F1,10 = 14.03, p = 0.0038). The throughfall flux of SiO2 in-
creased (F1,10 = 748, p = 0.0291) and there were no signifi-
cant differences in mean weekly throughfall pH or NO3–N
for the seven weeks before and after Hugo.

In 1996, seven years after Hurricane Hugo, the forest’s
leaf area index, above ground biomass, and rates of litter
fall were similar to pre-hurricane values (Scatena et al.,
1996) and the forest was impacted by a series of smaller
tropical storms that occurred over a 2-month period
(Fig. 2; Bertha, Hortense, Marilyn). None of these events
completely defoliated the canopy like Hugo nor was a regio-
nal post-hurricane drought observed. Both the relative and
absolute values of throughfall had a tendency to be higher
in the seven weeks following the first of these storms, Ber-
tha July 6, 1996. Nevertheless, there was a significant dif-
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ference in average throughfall pH, it decreased the post-
event, (F1,12 = 6.86, p = 0.0224), but there were no differ-
ences in the average fluxes of PO4–P, K, Ca, Mg, Cl, Na,
and SO4–S between the seven weeks before and after the
passage of Bertha. Enrichment ratios for K, Ca, Mg, Cl,
and Na did have a tendency to be lower over the seven
weeks after the hurricane compared to the previous seven
weeks. In contrast, the enrichment ratio of PO4–P had a
tendency to be higher after the hurricane.

Hurricane Georges was the second largest storm in the
time series and passed through the site on September 22,
1998, two years after the swarm of storms in summer of
1996. Litter fall on the day of this event was 55% of annual
litterfall (Ostertag et al., 2003). Both the relative and the
absolute value of mean weekly throughfall were slightly
higher during the seven weeks after Georges, compared to
the seven previous weeks. All throughfall constituents
(NH4–N, NO3–N, TDN, PO4–P, K, Ca, Mg, DOC, Cl, Na,
SO4–S, and SiO2) had higher mean weekly fluxes in the seven
weeks period after the hurricane. However only the
throughfall fluxes of NH4–N (F1,11 = 6.73, p = 0.0249) and
PO4–P (F1,11 = 6.30, p = 0.0290) had significantly higher val-
ues in the period after the storm. The mean weekly enrich-
ment ratio for PO4–P also tended to be higher after the
hurricane, but there were no differences in the enrichment
ratios for K, Ca, Mg, Cl and Na.
Droughts

During the 1990’s below average annual rainfalls were ob-
served in the Lesser and Greater Antilles (Diaz, 1996) and
across Puerto Rico (Larsen, 2000). Several meteorological
droughts were also recognized during the study period.
Some of these droughts were recognized regionally (1989,
1991, 1994, 1996), while some (2000 and 2002) were only
recognized in Bisley (Figs. 2 and 4). These low rainfall peri-
ods were never observed in the month of September and
were most frequent in March (Fig. 3). During these low rain-
fall conditions, the concentrations of nutrients in through-
fall were higher than during non-drought periods (Table
2). However, there was a tendency for lower enrichment ra-
tios for cations (K, Ca, Mg,), sea-salts (Cl, Na) and DOC dur-
ing these dry periods. In contrast, the enrichment ratios of
NH4–N, NO3–N, TDN and PO4–P tended to increase during
these dry conditions (Table 2).

Saharan dust

Saharan dust is common in the Caribbean atmosphere be-
tween April and September (Prospero and Nees, 1986) and
most pronounced in Puerto Rico between May and August
(McDowell et al., 1990). Of all the constituents, only Ca
fluxes and concentrations showed significant differences be-



Table 2 Weekly median enrichment ratios, throughfall fluxes, and throughfall concentrations for all constituents during local
drought and non-drought conditions in the Bisley watersheds

Enrichment ratio Throughfall flux kg ha�1 d�1 Throughfall []mg L�1

n Local Drought n Non drought n Local drought n Non drought Local drought Non drought

*NH4–N 8 85.18 301 11.65 17 3.82 407 10.21 1939.53 187.22
*NO3–N 13 2.78 361 1.76 21 0.93 535 2.80 190.26 60.52
TDN 6 10.53 220 4.36 9 0.01 269 0.03 4.23 0.71
*PO4–P 11 46.23 331 13.06 14 0.60 406 1.75 236.49 36.34
K 12 8.07 529 10.17 23 0.03 645 0.13 9.57 2.70
Ca 12 0.87 528 1.50 23 0.01 643 0.04 2.43 0.91
Mg 12 0.84 533 1.12 23 0.01 645 0.03 1.77 0.59
DOC 7 0.50 183 0.84 10 0.04 225 0.24 15.17 6.44
Cl 12 0.73 495 0.84 21 0.05 560 0.27 17.77 6.33
Na 12 0.52 538 0.81 23 0.02 645 0.15 8.13 3.17
SO4–S 14 1.83 499 1.49 21 0.02 594 0.12 7.14 2.57
SiO2 5 0.43 217 1.43 17 0.00 421 0.02 1.04 0.41

Local drought conditions were defined as the lowest 5% of throughfall values in the study area during the 15-year study period. Throughfall
flux for *NH4–N, *NO3–N, and *PO4–P is g ha�1 d�1, and concentration is leq L�1.
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tween ‘‘Saharan Dust Months’’ and the rest of the year.
However, even though these differences are detectable,
they were not large. Moreover, the six-month (April–Sep-
tember) ‘‘Saharan Dust’’ period contributes approximately
60% of the total annual inputs of Ca in rainfall, but only
50% of the total Ca in throughfall. Likewise, slightly more
Ca enters the forest from throughfall during the four wet-
test months (September–December), a period when Saha-
ran dust contributions are considered to be relatively
minor, than during the four months (May–August) when Sah-
aran dust is most common.

Montserrat volcano

During the 15-year period, there were 76 weeks when the
Soufrière Hills volcano produced ash clouds of 1800 m
(6000 ft) or more (Allen et al., 2000; Robertson et al.,
2000, www.mvo.ms, www.volcano.und.edu). All of these
‘‘eruptive weeks’’ occurred between 1995 and 2002 and al-
tered Bisley throughfall fluxes more than rainfall fluxes.
Mean cation enrichment ratios were 2.0 vs
1.7(F1,529 = 4.19, p = 0.0412) and cation throughfall fluxes
were 0.60 vs 0.43 kg ha�1 day�1 (F1,659 = 13.20, p = 0.0003)
and these were both significantly larger during these erup-
tive weeks. Mean and median rainfall flux of TDN was also
greater during eruptive weeks (F1,260 = 9.04, p = 0.0029).
Mean throughfall PO4–P flux was 5.9 vs 2.8 g ha�1 day�1

and mean throughfall NH4–N flux was 32.0 vs
16.9 g ha�1 day�1 and these were noticeable larger during
weeks of eruptive volcanic activity. There were significant
differences in 10 out of 13 throughfall constituent fluxes
(NH4–N, TDN, PO4–P, K, Ca, Mg, DOC, Na, SO4–S) with
greater values occurring during volcanic activity (F > 4.21,
p < 0.0405, Table 3). There were no differences in the
throughfall fluxes of NO3–N, Cl and SiO2 when comparing
eruptive weeks to non-eruptive weeks (Table 3).

Estimates of the nutrient contributions of the Soufrière
Hills volcano to the Bisley study area can be made from dif-
ference in throughfall fluxes between eruptive and non-
eruptive weeks and the number of eruptive weeks during
the 15-year period (Table 3). In general, 3–5% of the
throughfall cation flux can be attributed to volcanic activ-
ity. Approximately 17% of the total PO4–P throughfall flux
was transported during eruptive weeks and volcanic activity
can be considered to have contributed 4.3% of the total.
Likewise, 12.5% of the SO4–S entered the forest during
eruptive weeks and the volcanic activity can be considered
to have contributed 3.6% of the total. Volcanic contribu-
tions may also account for 9.6% of the total TDN throughfall
flux and appears to have influenced throughfall DOC but not
rainfall DOC fluxes.

Discussion

Over the course of the 15-year study, water that passed
through the Bisley canopy was enriched such that the total
flux of nutrients to the forest floor from throughfall was
greater than the rainfall inputs into the canopy. Relative
to the storage of nutrients in the leaf compartment of the
forest’s full canopy annual throughfall flux are equal to
16%, 20%, 120%, 67%, and 93% of the leaf compartment for
N, P, K, Ca, Mg, respectively (Scatena et al., 1993).
Throughout this 15-year period there were consistent differ-
ences in the behavior of certain constituents (Ca, Mg, Cl,
Na, SiO2, SO4–S) compared to others (NH4–N, NO3–N,
TDN, PO4–P and K). The annual rainfall fluxes of the former
group are relatively abundant in Bisley compared to other
tropical sites (Fig. 7). They also have relatively low median
weekly enrichment ratios (Table 1), are common in seawa-
ter and dust (McDowell et al., 1990), and had stable CV
and STD after 4–6 years of continuous sampling. In contrast,
the rainfall inputs of the later group were relatively low in
Bisley compared to other tropical sites (Fig. 7) and 6–8
years of continuous sampling is needed before their CV
and STD stabilize. They also had higher median weekly
enrichment ratios (Table 1) and enrichment ratios that in-
creased during droughts (Table 2). These differences reflect
the importance of canopy-level biological processes that

http://www.mvo.ms
http://www.volcano.und.edu


Table 3 Rainfall and throughfall fluxes kg ha�1 d�1 during volcanic activity in Soufrière Hills

Volcanic activity Non-volcanic activity

n Median SD n Median SD

Rainfall
NH4–N* 30 0.654 0.926 308 0.754 5.390
NO3–N*

47 0.905 3.551 359 1.495 9.402
TDN 32 0.017 0.014 230 0.007 0.013

p

PO4–P* 64 0.133 0.325 349 0.119 1.130
K 62 0.017 0.043 496 0.013 0.033
Ca 63 0.039 0.037 497 0.027 0.061
Mg 64 0.025 0.039 499 0.024 0.053
DOC 32 0.310 0.198 174 0.276 0.277
Cl 67 0.318 0.395 465 0.291 0.331
Na 63 0.184 0.241 505 0.181 0.265
SO4–S 58 0.063 0.190 493 0.075 0.196
SiO2 23 0.014 0.453 234 0.015 0.387
pH 43 5.180 0.675 522 5.165 0.662

Throughfall
NH4–N 32 11.999 43.791 391 9.050 24.601

p

NO3–N 59 2.803 6.346 496 2.643 23.885
TDN 30 0.063 0.086 246 0.031 0.042

p

PO4–P 56 2.026 8.888 362 1.519 3.905
p

K 67 0.183 0.282 600 0.117 0.162
p

Ca 67 0.057 0.069 598 0.039 0.074
p

Mg 67 0.038 0.035 600 0.026 0.046
p

DOC 31 0.396 0.584 201 0.220 0.414
p

Cl 70 0.301 0.241 510 0.254 0.293
Na 67 0.178 0.180 600 0.138 0.161

p

SO4–S 57 0.154 0.216 556 0.110 0.137
p

SiO2 50 0.022 0.032 386 0.024 0.507
pH 42 6.035 0.345 587 6.170 0.508

p

Fluxes for *NH4–N, *NO3–N, and *PO4–P are g ha�1 d�1. Significant differences in flux between periods of volcanic and non-volcanic
activity are represented by

p
. SD is standard deviation.
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enrich throughfall in K, NH4–N, NO3–N, TDN and PO4–P.
Canopy-level biological processes that enrich throughfall
were most pronounced for NH4–N, whose weekly through-
fall fluxes were not even correlated to the amount of
weekly rainfall or throughfall. This lack of correlation be-
tween rainfall and throughfall fluxes of NH4–N has also been
observed in other tropical forests (McDowell et al., 1990;
Veneklaas, 1990).

The average annual fluxes of most constituents in Bisley
throughfall are within the range reported for most tropical
and subtropical sites (Fig. 7). In contrast, the annual rainfall
inputs of NH4–N, NO3–N, TDN and PO4–P tend to be slightly
lower while Mg, Cl, Na, and SO4–S are higher than reported
for other tropical and subtropical sites (Fig. 7). Neverthe-
less, the concentrations of these constituents in rainfall
are similar to those observed at the nearby El Verde site
and at other marine influenced tropical forests (Asbury
et al., 1994; Cavelier et al., 1997; Eklund et al., 1997;
Waterloo et al., 1999; McDonald and Healey, 2000). There-
fore, differences in annual rainfall inputs apparently reflect
high annual rainfall rather than large differences in rainfall
chemistry (McDowell et al., 1990).

In contrast to base cations and sea salts, the annual rain-
fall inputs of nitrogen (NH4–N, NO3–N, TDN) and PO4–P
tend to be slightly lower in Bisley than those reported for
other tropical and subtropical sites (Fig. 7). Correlations be-
tween rainfall fluxes and concentrations of NO3–N and SO4–
S in both Bisley and El Verde (McDowell et al., 1990) indicate
the area does receive some anthropogenic loading. How-
ever, the relatively low levels of nitrogen and pollution-
associated rainfall inputs in Bisley compared to other trop-
ical sites (Fig. 7) is apparently due to the lack of fires in
the adjoining landscape, and because the study site’s air-
shed is dominated by relatively unpolluted trade winds that
originate in the Atlantic Ocean. Nevertheless, the annual
fluxes of nitrogen in Bisley throughfall are similar to other
tropical forests (Fig. 7) and the forest ecosystem as a whole
is considered to be relatively nitrogen rich (Chestnut et al.,
1999).

Comparisons of concentrations, fluxes, and enrichment
ratios in the seven weeks before and after named tropical
storms indicate that the relative amount of throughfall in-
creases in general after large storms. Each named storm
also had elevated concentrations and fluxes during at least
one week following the storm. However, other post-storm
differences in throughfall chemistry were obscured by dif-
ferences in rainfall inputs, the magnitude of canopy dam-
age, and the sequence of the storms. The largest
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differences occurred after the two hurricanes that had lit-
ter-fall increases of more than 50%. However, even these
differences only lasted for a few months at most.

During drought conditions rainfall, throughfall, and their
associated nutrient fluxes are less, by definition. The lack of
water percolating through the canopy also increased the
concentrations of throughfall but reduced the enrichment
ratios of base cations and sea-salts. These constituents
had median weekly enrichment ratios less than 2 and are
primarily derived from external inputs. In contrast,
droughts increased the enrichment ratios of constituents
associated with N, P, and S. These constituents also had
median weekly enrichment ratios greater than 10 and are
strongly linked to the canopy-level biological processes.
These observations suggest that droughts reduce the can-
opy’s ability to retain N and P and support similar conclu-
sions made in studies of other tropical forests (Edwards,
1982; Richardson et al., 2000; Tobón et al., 2004).

Although the Island of Montserrat is approximately
500 km south of the Bisley study site, the easterly prevailing
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winds typically disperse ash clouds to the south of Puerto
Rico (Vogt et al., 1998) and reduce the direct influence of
the Soufrière Hill volcano on the island. Nevertheless, con-
stituent throughfall fluxes and enrichment ratios observed
in Bisley throughfall are linked to the post 1995 eruptions
of Soufrière Hills volcano. In general, the volcanic activity
tended to have a larger impact on throughfall than rainfall
fluxes which reflects the importance of dry deposition dur-
ing these periods (Table 3). Over the entire 15-year period,
volcanic activity may have contributed 3–5% of the PO4–P,
SO4–S and cations in throughfall and over 9% of the through-
fall TDN and DOC. The mechanisms responsible for the in-
crease in throughfall DOC during eruptive weeks is unclear
but maybe related to canopy level interactions of TDN,
PO4–P and DOC.

Over the entire 15 year period, there were small, but sta-
tistically significant decreases in weekly rainfall, through-
fall, rainfall pH, and in seven out of 12 rainfall flux
nutrients. There were no significant trends in throughfall
pH and only in two of the throughfall nutrient fluxes PO4–
P, with a tendency to increase and SiO2 with a tendency
to decrease.

Although the species composition and structure of the
forest is known to have changed dramatically after Hurri-
cane Hugo (Scatena et al., 1996), these changes were not
strongly reflected in changes in weekly throughfall chemis-
try or fluxes. This lack of relationships with the successional
status of the forest, and the similarity between annual aver-
age throughfall fluxes in Bisley and other tropical sites
(Fig. 7) suggests that biological processes that occur within
the canopy and phyllosphere are more important than can-
opy species composition in influencing throughfall nutrient
fluxes in these diverse forests. Furthermore, over this 15-
year period of named tropical storms, droughts and succes-
sional change, the throughfall nutrient fluxes and patterns
were relatively stable and resilient. These observations indi-
cate that the physical and biological processes associated
with water passing through the canopy buffer the forest’s
internal nutrient cycles from external variations in rainfall
inputs.
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